Bacteria such as Escherichia coli will often consume one sugar at a time when fed multiple sugars, in a process known as carbon catabolite repression. The classic example involves glucose and lactose, where E. coli will first consume glucose, and only when it has consumed all of the glucose will it begin to consume lactose. In addition to that of lactose, glucose also represses the consumption of many other sugars, including arabinose and xylose. In this work, we characterized a second hierarchy in E. coli, that between arabinose and xylose. We show that, when grown in a mixture of the two pentoses, E. coli will consume arabinose before it consumes xylose. Consistent with a mechanism involving catabolite repression, the expression of the xylose metabolic genes is repressed in the presence of arabinose. We found that this repression is AraC dependent and involves a mechanism where arabinose-bound AraC binds to the xylose promoters and represses gene expression. Collectively, these results demonstrate that sugar utilization in E. coli involves multiple layers of regulation, where cells will consume first glucose, then arabinose, and finally xylose. These results may be pertinent in the metabolic engineering of E. coli strains capable of producing chemical and biofuels from mixtures of hexose and pentose sugars derived from plant biomass.
The transporters and enzymes in many sugar metabolic pathways are conditionally expressed in response to their cognate sugar or a downstream pathway intermediate. While the induction of these pathways in response to a single sugar has been studied extensively (28) , far less is known about how these pathways are induced in response to multiple sugars. One notable exception is the phenomenon observed when bacteria are grown in the presence of glucose and another sugar (10, 15) . In such mixtures, the bacteria will often consume glucose first before consuming the other sugar, a process known as carbon catabolite repression (27) . The classic example of carbon catabolite repression is the diauxic shift seen in the growth of Escherichia coli on mixtures of glucose and lactose, where the cells first consume glucose before consuming lactose. When the cells are consuming glucose, the genes in the lactose metabolic pathway are not induced, thus preventing the sugar from being consumed. A number of molecules participate in this regulation, including the cyclic AMP receptor protein (CRP), adenylate cyclase, cyclic AMP (cAMP), and EIIA from the phosphoenolpyruvate:glucose phosphotransferase system (PTS) (33) . In addition to lactose, the metabolic genes for many other sugars are subject to catabolite repression by glucose in E. coli (27) . While the preferential utilization of glucose is well known, it is an open question whether additional hierarchies exist among other sugars.
Recently, substantial effort has been directed toward developing microorganisms capable of producing chemicals and biofuels from plant biomass (1, 34, 42) . After glucose, L-arabinose and D-xylose are the next most abundant sugars found in plant biomass. Therefore, a key step in producing various chemicals and fuels from plant biomass will be the engineering of strains capable of efficiently fermenting these three sugars. However, one challenge concerns catabolite repression, which prevents microorganisms from fermenting these three sugars simultaneously and, as a consequence, may decrease the efficiency of the fermentation process. E. coli cells will first consume glucose before consuming either arabinose or xylose. As in the case of lactose, the genes in the arabinose and xylose metabolic pathways are not expressed when glucose is being consumed. In addition to glucose catabolite repression, a second hierarchy, between arabinose and xylose, appears to exist. Kang and coworkers have observed that the genes in the xylose metabolic pathway were repressed when cells were grown in a mixture of arabinose and xylose (21) . Hernandez-Montalvo and coworkers also observed that E. coli utilizes arabinose before xylose (19) . While a number of strategies exist for breaking the glucose-mediated repression of arabinose and xylose metabolism (8, 16, 19, 31) , none exist for breaking the arabinose-mediated repression of xylose metabolism. Moreover, little is known about this repression beyond the observations made by these researchers.
In this work, we investigate how the arabinose and xylose metabolic pathways are jointly regulated. We demonstrate that E. coli will consume arabinose before consuming xylose when it is grown in a mixture of the two sugars. Consistent with a mechanism involving catabolite repression, the genes in the xylose metabolic pathway are repressed in the presence of arabinose. We found that this repression is AraC dependent and is most likely due to binding by arabinose-bound AraC to the xylose promoters, with consequent inhibition of gene expression.
MATERIALS AND METHODS
Growth conditions. All culture experiments were performed in tryptone broth (TB) (per liter, 10 g of tryptone and 5 g of NaCl) at 37°C unless otherwise noted. Antibiotics were used at the following concentrations: ampicillin, 100 g/ml; chloramphenicol, 20 g/ml; kanamycin, 40 g/ml. All sugars were used at a concentration of 2 mM unless noted otherwise.
Strains and plasmid constructions. All strains are isogenic derivatives of Escherichia coli MG1655 and are listed in Table 1 . A list of the primers used to construct the various knockout strains is given in Table S1 in the supplemental material. The generalized transducing phage of E. coli P1vir was used in all transductional crosses (29) . Plasmid pKD3 or pKD4 was used as a template to generate scarred FLP recombinant target (FRT) mutants as previously described (9) . All experiments involving the growth of cells carrying pKD46 were performed at 30°C. Loss of the helper plasmid pKD46 was achieved by growth under nonselective conditions on Luria-Bertani (LB) agar (per liter, 10 g of tryptone, 5 g of yeast extract, 10 g of NaCl, and 15 g of agar) at 42°C. Prior to removal of the antibiotic resistance marker, the constructs resulting from this procedure were moved into a clean wild-type background (MG1655) by P1vir transduction in the case of single-gene deletions or into the parent strain in the case of multigene deletions. The antibiotic cassette was removed from the FRT-Cm/ Kan-FRT insert by transforming pCP20 into the respective strain and selecting on ampicillin at 30°C. Loss of the helper plasmid pCP20 was achieved by growth at 42°C under nonselective conditions on LB agar. All gene deletions were subsequently tested by PCR.
Plasmids pXylA-GFP and pAraB-GFP were made by amplifying the P xylA promoter (genomic region, nucleotides 3726575 to 3727102) using primers TD65F and TD65R and the P araB promoter (genomic region, nucleotides 67885 to 68378) using primers SS026F and SS026R, respectively. The resulting PCR products were then inserted into pPROBE-GFP (30) using the KpnI and EcoRI restriction sites, yielding pXylA-GFP and pAraB-GFP. Plasmid pXylA-mCherry was made by amplifying the P xylA promoter (genomic region, nucleotides 3726575 to 3727102) using primers TD71F and TD71R and the mcherry gene, which encodes a red fluorescent protein, from pRSETb-mCherry (37) (a gift from Roger Tsien) using primers KW122F and KW081R. The resulting PCR products were then inserted into pPROTet.E (Clontech) using the XhoI and EcoRI restriction sites for the P xylA promoter and the EcoRI and AseI restriction sites for the mcherry gene, yielding pXylA-mCherry.
Plasmid pAraE was made by amplifying the araE gene and promoter (genomic region, nucleotides 2978201 to 2980207) using primers TD158F and TD158R. The resulting PCR product was then inserted into pPROTet.E using the XhoI and BamHI restriction sites, yielding pAraE. Plasmid pAraE-con was made by amplifying the araE gene with the native ribosome binding site using primers TD162F and TD164R. The resulting PCR product was then inserted into the multiple cloning site of pTrc99a using the EcoRI and HindIII restriction sites, yielding pAraE-con.
Plasmid pBAD-YFP was made first by amplifying yellow fluorescent protein (YFP) with a cheY ribosome binding site using primers CR027F and CR027R. The resulting PCR product was then inserted into the multiple cloning site of pBAD30 using the EcoRI and SphI restriction sites, yielding pBAD-YFP. Plasmids pBAD*1-YFP and pBAD*2-YFP were made by introducing Leu9Pro and Pro11Ser point mutations, respectively, into the AraC protein. These mutations were introduced using enzymatic inverse PCR (40) . For the Leu2Pro mutation (pBAD*1-YFP), primers CR024F and CR024R were used. For the Pro11Ser mutation (pBAD*2-YFP), primers CR025F and CR025R were used. The sequences for all primers used in this study are given in Table S1 in the supplemental material. Fluorescence assay. As an indirect measure of gene expression, we used fluorescent protein transcriptional fusions. For the measurement of fluorescence, cultures were grown overnight in test tubes with TB supplemented with glucose (10 mM) to ensure robust growth and also inhibition of the arabinose and xylose pathways. The overnight culture was then diluted 1:30 into fresh TB supplemented with the appropriate sugar, and 150 l was then transferred to three separate wells in a 96-well microplate and covered with a Breathe-Easy membrane to prevent evaporation. Cells were then grown in a Tecan Safire2 microplate reader. Fluorescence and optical density at 600 nm (OD 600 ) measurements were taken every 20 min, with the plate shaking the whole time between readings. For green fluorescent protein (GFP)/YFP fluorescence, the excitation wavelength was set to 488 nm, the emission wavelength to 520 nm, the bandwidth to 10 nm, and the gain to 45. For YFP fluorescence, the excitation wavelength was set to 515 nm, the emission wavelength to 528 nm, the bandwidth to 5 nm, and the gain to 100. For mCherry fluorescence, the excitation wavelength was set to 587 nm, the emission wavelength to 610 nm, the bandwidth to 5 nm, and the gain to 150. The fluorescence readings were normalized with the OD 600 absorbance to account for cell density. All experiments were performed in triplicate, and average values with standard deviations are reported. For end point measurements, the 10-h (600 min) time point was reported.
In experiments involving the constitutively active AraC mutants, the overnight culture was diluted 1:30 into 2 ml of fresh TB supplemented with 2 mM xylose. The cultures were then grown in test tubes for 5 h. A 150-l portion was transferred to a 96-well microplate, and fluorescence and absorbance readings were taken using a Tecan Safire2 microplate reader.
Analytical measurements. Sugar concentrations were measured using highperformance liquid chromatography (HPLC). Cells were first grown overnight in test tubes with TB supplemented with glucose (10 mM). The cells were then subcultured 1:30 into fresh TB supplemented with the appropriate sugars and were grown in test tubes. Every hour, a sample was first filtered using a 0.22-m-pore-size filter (Millipore) and then run on a Gilson HPLC with an Aminex HPX-87P column (Bio-Rad). All experiments were performed in triplicate, and average values with standard deviations were reported.
DNA mobility shift assay. DNA mobility shift assays were performed using the approach previously described by Ellermeier and Slauch (12) . Briefly, whole-cell extracts were prepared by subculturing overnight cultures 1/100 in LB medium and growing them to an OD 600 of 0.5, at which time 0.2% L-arabinose was added and cultures were grown for an additional 4 h at 37°C. The cells were then harvested by centrifugation at 5,000 ϫ g for 10 min. The pellet of cells was resuspended in 10 ml of 50 mM Tris-HCl (pH 7.9) with 30 M dithiothreitol (DTT), and the solution was then sonicated to lyse the cells. Lysates were then centrifuged at 16,000 ϫ g for 30 min at 4°C. The protein concentration in each sample was determined by using a bicinchoninic acid (BCA) protein assay reagent (Pierce Protein Research Products).
The binding reaction mixture contained approximately 0.1 ng of 32 P-labeled DNA (xylA promoter; genomic region, nucleotides 3726575 to 3727102), 50 g of herring sperm DNA per ml, 10 mM Tris-Cl (pH 8), 50 mM KCl, 100 g of bovine serum albumin per ml, 10% glycerol, 1 mM DTT, 0.5 mM EDTA, and 2 g whole-cell extract in a final volume of 20 l. In the experiments where the I1-I1 binding site was included as a competitor, 10 ng of the double-stranded sequence (5Ј-ATG CG T AGC ATT TTT ATC CAT AAG ATT AGC ATT TTT ATC CAT AAG CCA-3Ј) was added to the mixture. The binding reaction mixtures were incubated for 30 min at room temperature and then subjected to electrophoresis on a 5% native polyacrylamide gel in 0.5ϫ Tris-borate-EDTA (TBE) at room temperature. Gels were dried on filter paper in a vacuum drier and were scanned using a Storm 840 PhosphorImager (Amersham).
RESULTS
Arabinose inhibits the expression of the xylose metabolic genes. The transcriptional regulation of both the arabinose and xylose metabolic pathways in response to their cognate sugars has been studied extensively ( Fig. 1 ). However, little is known about how the pathways are jointly regulated at the level of transcription in response to both sugars. One notable exception is the work of Kang and coworkers (21) , who previously observed that the xylose metabolic genes were repressed when E. coli was grown in a mixture of arabinose and xylose. To explore this mechanism of arabinose catabolite repression in more detail, we first measured arabinose and xylose metabolic gene expression by using transcriptional fusions of GFP to the P araB and P xylA promoters. By allowing the measurement of fluorescence, these transcriptional reporters provide an indirect method for quantitatively determining the activities of the P araB and P xylA promoters in vivo. In these experiments, cells were grown for 14 h, with fluorescence and absorbance measurements taken every 20 min. The experiments were also performed in tryptone broth to control for any differences in the rate of growth on arabinose, xylose, or both. Using this experimental protocol, we found that the activation of the P xylA promoter by xylose was delayed and repressed when arabinose was also present in the growth medium, consistent with the results of Kang and coworkers (Fig. 2) . Interestingly, we found that arabinose had an effect on the P xylA promoter similar to that of glucose, which also delayed and repressed the activation of the P xylA promoter by xylose. In the case of glucose, this regulation is thought to involve CRP (38) . In comparison, P araB promoter activity was mostly unaffected when xylose was present in the growth medium. On the other hand, activation of the P araB promoter was delayed when glucose was present, consistent with the regulation of this promoter also by CRP (6).
We next tested P xylA and P araB promoter activities with varying concentrations of arabinose and xylose. We performed these experiments utilizing a dual reporter system, with the P xylA promoter fused to mCherry, a red fluorescent protein, and the P araB promoter fused to GFP. This dual reporter system was used to simultaneously monitor expression from the P xylA and P araB promoters (Fig. 3) . At low concentrations of arabinose, we were unable to observe any repression. However, as the concentration of arabinose increased, so did the degree of repression. In comparison, we found that xylose had no effect on the P araB promoter for the range of concentrations tested. Collectively, these results suggest that sugar utilization involves a three-tiered transcriptional hierarchy, where glucose represses the transcription of both the arabinose and xylose metabolic genes and arabinose represses the transcription of the xylose metabolic genes. Moreover, in the case of arabinose, repression of P xylA is dose dependent.
Arabinose inhibits the uptake and metabolism of xylose. In addition to our experiments involving promoter fusions, we also tested whether arabinose inhibits xylose uptake and metabolism by using HPLC. Consistent with our gene expression experiments, we found that the utilization of xylose is delayed when arabinose is present in the growth medium (Fig. 4) . Only when the arabinose is depleted from the growth medium will (38) . Xylose-bound XylR is believed to activate the transcription of the xylFGH, xylR, xylAB, and xylE operons. As with arabinose, expression of the XylE and XylFGH transporters increases the rate of xylose uptake and further enhances activation. Note that in the HPLC experiments, cells utilize arabinose more quickly than xylose when grown on these sugars separately. One possibility is that E. coli is able to process arabinose more efficiently than xylose. If true, such a model would explain why arabinose is the preferred sugar. We also observed similar results in our gene expression experiments (Fig. 2) , where the P araB promoter is induced more rapidly by arabinose than the P xylA promoter is by xylose. While differences in timing are less pronounced for the gene expression data than for the HPLC data, they nonetheless exhibit a similar trend.
Repression of xylose metabolism is AraC dependent but does not involve an arabinose metabolic intermediate. To identify the mechanism underlying arabinose catabolite repression, we first tested whether deleting araC and the araBAD metabolic operon had any effect on xylose gene expression. Consistent with a model where some component of the arabinose metabolic pathway represses xylose metabolic gene expression, we found that arabinose had no effect on P xylA promoter activity in a ⌬araC ⌬araBAD mutant (Fig. 5 ). In addition, we found that the P xylA promoter was activated at lower concentrations of xylose in this mutant than in the wild type (Fig. 3) , suggesting that elimination of the repressing arabinose pathway makes cells more sensitive to xylose. Collectively, these results would suggest that some component of the arabinose metabolic pathway, including possibly intracellular arabinose, inhibits xylose metabolism.
We next tested the hypothesis that an intermediate in the arabinose metabolic pathway prevents the P xylA promoter from being activated by xylose. To test this hypothesis, we deleted the arabinose metabolic genes-araB, araA, and araD-individually and in combination (Fig. 6) . By blocking different steps in the arabinose metabolic pathway, we could selectively prevent different intermediates from being formed and, likewise, cause them to accumulate within the cell. In the ⌬araB, ⌬araA, ⌬araAD, and ⌬araBAD mutants, arabinose still inhibited P xylA promoter activity at levels similar to those observed in wild-type cells. In the ⌬araD mutant, P xylA promoter activity   FIG. 3 . Effects of varying arabinose and xylose concentrations on P xylA (left) and P araB (right) promoter activities. These experiments were performed using two transcriptional reporters: a GFP fusion to the P araB promoter and an mCherry fusion to the P xylA promoter. Expression is represented as relative fluorescence. Results are values obtained after 10 h of growth in 96-well microplates and are averages for three independent experiments. For all results, the standard deviations were less than 15 percent of the mean (data not shown).
FIG. 4.
Comparison of xylose and arabinose utilization. Symbols represent the concentration of arabinose when it is the sole sugar (OE) or when an equimolar mixture of arabinose and xylose is used (f) and the concentration of xylose when it is the sole sugar (छ) or when an equimolar mixture of arabinose and xylose is used (ϫ).
FIG. 5. Effects of varying arabinose and xylose concentrations on
P xylA promoter activity in a ⌬araC ⌬araBAD mutant. These experiments were performed using two transcriptional reporters: a GFP fusion to the P araB promoter and an mCherry fusion to the P xylA promoter. The results for the P araB promoter are not shown, because the promoter is inactive and unresponsive to arabinose in the ⌬araC ⌬araBAD mutant. Results are values obtained after 10 h of growth in 96-well microplates and are averages for three independent experiments. For all results, the standard deviations were less than 15% of the mean for the concentrations tested (data not shown).
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on October 23, 2017 by guest http://aem.asm.org/ was inhibited both in the presence and in the absence of arabinose. In the presence of arabinose, the repression in the ⌬araD mutant is most likely due to the buildup of L-ribulose-5-phosphate, which is inhibitory to E. coli (13) . However, we observed no significant decrease in cell viability for this mutant. Moreover, it is not known why the P xylA promoter is inhibited in the absence of arabinose in the ⌬araD mutant. Based on these results, we conclude that arabinose-mediated repression of xylose gene expression is not due to any metabolic intermediate. In contrast to the results obtained when we deleted the metabolic genes, araD notwithstanding, we observed no repression in a ⌬araC mutant (Fig. 6) . Moreover, we observed a moderate increase in P xylA promoter activity. Based on these results, we conclude that repression is AraC dependent. However, since AraC regulates the expression of the arabinose transporter and metabolic genes, removal of this gene would eliminate all aspects of this pathway and presumably prevent the sugar from having any intracellular effect on xylose metabolism.
Arabinose inhibits xylose gene expression through AraC. Because repression is AraC dependent yet did not involve an arabinose metabolic intermediate, we suspected that intracellular arabinose was somehow interacting with either AraC or XylR. To test this hypothesis, we first deleted the two arabinose transporters-the high-affinity AraFGH transporter and the low-affinity AraE transporter-individually and in combination. In the ⌬araFGH mutant, we found that arabinose was still able to repress the activation of the P xylA promoter by xylose in a manner comparable to that observed in wild-type cells (Fig. 7) . However, in the ⌬araE mutant, arabinose had less of an effect and only mildly repressed P xylA promoter activity at higher concentrations. In fact, at lower concentrations, arabinose appeared to enhance P xylA promoter activity, most likely an artifact due to altered growth rates. When both transporters were deleted, we again found that arabinose had only a minor effect on P xylA promoter activity. To confirm that loss of repression was in fact due to arabinose, we tested for complementation by expressing AraE from its native promoter on a plasmid in the ⌬araE mutant. In the complemented strain, we were again able to observe repression of the P for the ⌬araE mutant; 969 Ϯ 131 RFU with xylose alone versus 689 Ϯ 38 RFU with arabinose plus xylose for the ⌬araE pAraE complemented strain). Collectively, these results suggest that arabinose transport plays a role in the repression, most likely by preventing xylose from getting into the cell. The reason that repression is still observed in the absence of the AraFGH transporter is that the AraE transporter is the primary route for arabinose uptake (18) . To corroborate the results from our gene expression experiments, we also used HPLC to test whether arabinose directly inhibits xylose uptake and metabolism in the ⌬araE mutant (Fig. 8) . In this mutant, we found that xylose uptake and metabolism were unaffected by arabinose. We found also that the rates of arabinose uptake and metabolism in the ⌬araE mutant were much lower than those in wild-type cells, an expected result given that one of the arabinose transporters had been removed. Similar results for arabinose and xylose uptake and metabolism were also seen in the ⌬araE ⌬araFGH mutant (data not shown). Both sets of data demonstrate that cells are still able to take up arabinose when the two transporters are removed, albeit at a reduced rate. Consistent with these HPLC data, we found that the P araB promoter is still activated by arabinose in the ⌬araE ⌬araFGH mutant at levels roughly one-half of those observed in wild-type cells (218 Ϯ 13 RFU with arabinose versus 28 Ϯ 1 RFU with no sugar in the ⌬araE ⌬araFGH mutant; 398 Ϯ 12 RFU with arabinose versus 27 Ϯ 1 RFU with no sugar in the wild type).
Based on our results with the arabinose transporter deletion strains, arabinose likely inhibits xylose gene expression by one of two mechanisms: either (i) arabinose-bound AraC binds to the P xylA promoter and prevents it from being activated by xylose-bound XylR or (ii) arabinose directly binds XylR and inhibits its activity. To determine which mechanism is involved, we constitutively expressed AraE from the P trc promoter on a plasmid in a ⌬araC ⌬araBAD mutant. If repression is due to AraC, then no repression will occur. Alternatively, if repression is due to inhibition of XylR by arabinose, then repression should still occur. Consistent with the former possibility, we found that arabinose had no effect on P xylA promoter activity in the ⌬araC ⌬araBAD mutant constitutively expressing AraE (894 Ϯ 116 RFU with xylose alone versus 895 Ϯ 131 RFU with xylose plus arabinose in the ⌬araC ⌬araBAD pAraE strain), whereas P xylA promoter activity was inhibited in the ⌬araE mutant constitutively expressing AraE (975 Ϯ 102 RFU with xylose alone versus 746 Ϯ 52 RFU with xylose plus arabinose in the ⌬araE pAraE strain). Therefore, we conclude that intracellular arabinose is not inhibiting the activity of XylR but rather is repressing P xylA promoter activity through the action of AraC.
As further confirmation of this mechanism, we also tested whether a constitutively active mutant of AraC would inhibit P xylA promoter activity in the absence of arabinose. In other words, we tested whether AraC mutants that do not require arabinose to activate the P araB promoter also repress P xylA promoter activity. To perform these experiments, we introduced a single point mutation into the araC gene in plasmid pBAD30-YFP. Two constitutive mutations identified previously, Leu9Pro and Pro11Ser were tested (11) . Since this plasmid expresses YFP, it provided a quick test of whether the point mutations were constitutive; indeed, both were. To measure P xylA activity, we used the mCherry reporter. Consistent with a model where repression is AraC dependent, we found that xylose-induced P xylA activity was repressed in cells expressing either of the two constitutive AraC mutants relative to that in the pBAD30-YFP control in a ⌬araC background (Fig. 9) [4,891 Ϯ 223 RFU (mCherry) and 29,448 Ϯ 461 RFU (YFP) for the AraC(L9P) mutant; 6,643 Ϯ 135 RFU (mCherry) and 9,189 Ϯ 1,199 RFU (YFP) for the AraC(P11S) mutant; and 7,599 Ϯ 278 RFU (mCherry) and 4,381 Ϯ 128 RFU (YFP) for the AraC strain]. Note that the degree of repression is proportional to the activity of the AraC mutant, with the highest degree of repression observed in the strong Leu9Pro mutant. These results show that repression is dependent only on the activity of AraC and does not involve a mechanism where arabinose inhibits the activity of XylR.
AraC directly binds the P xylA promoter region. Based on these results, we hypothesized that arabinose-bound AraC likely binds to one or more of the xylose promoters and represses transcription. To test this hypothesis, we performed a DNA mobility shift assay using whole-cell extracts (Fig. 10) . In these experiments, we grew cells in the presence of arabinose and then tested whether we could see a binding effect with the P xylA promoter. As shown in Fig. 10 (lanes A to C) , we observed a shift with the wild type but not with a ⌬araC-null mutant. We were also able to see a shift when we expressed To confirm that the shift was due to AraC, we added a 100-fold excess of a known AraC binding site, the strong I1-I1 site (5), in order to competitively inhibit the binding to the P xylA promoter and thus establish that the shift is due to AraC (Fig. 10, lanes E and F) . Collectively, these results demonstrate that AraC binds the P xylA promoter. While the specific mechanism of repression is still not known, it most likely involves steric occlusion by arabinose-bound AraC based on our accumulated evidence. To identify the likely AraC binding site within the P xylA promoter, we searched the promoter regions of the xylose promoters using MEME, a motif discovery program (2, 3). Briefly, we used MEME to search for a common motif in the P araB , P araE , P araF , P araJ , P xylA , and P xylE promoter regions. Note that we did not include the P araC and P xylF promoter regions in our analysis, because they are transcribed in a divergent configuration from the nearby P araB and P xylA promoters, respectively, and contain redundant information. After eliminating the CRP binding site, which is found in all of the promoters, from the results, we found a common 38-bp motif in all of the promoters (see Fig. S1 in the supplemental material). When mapped onto the P araB promoter, this motif matched the known AraC binding site (l 1 and l 2 ) within the arabinose promoters (P Ͻ 10 Ϫ10 ) (Fig. 11) . To confirm that this motif matched the AraC consensus binding sequence, we used the TOMTOM program (17) to search RegTransBase (22) , a curated database of bacterial transcription factor binding sites, and found that the top hit indeed matched the AraC consensus sequence (P Ͻ 10 Ϫ16 ). We also scanned all upstream sequences in the E. coli genome using FIMO (2) and found that the only significant hits (P Ͻ 10 Ϫ10 ; q Ͻ 0.01 [41] ) were the arabinose and xylose promoters.
When we mapped the putative AraC binding site onto the P xylA promoter, we found that it overlapped the XylR and polymerase binding sites based on the annotation given in RegulonDB (Fig. 11) . Given the proximity of this binding site to the start site for transcription, these results suggest a model where AraC sterically inhibits the binding of XylR and RNA polymerase to the P xylA promoter, consistent with our experimental results. We were unable to perform a similar analysis for the P xylE promoter, because the operator sites and start site for transcription have not been determined.
DISCUSSION
In this work, we investigated the dual transcriptional regulation of the arabinose and xylose metabolic pathways. We were able to show that E. coli will utilize arabinose before it utilizes xylose when it is grown in a mixture of the two sugars. Only when arabinose is no longer present in the growth medium will the cells begin to utilize xylose. Using genetic approaches, we were able to show that this regulation occurs at the level of transcription. Our results demonstrate that this repression is AraC dependent: arabinose-bound AraC likely binds and then represses the promoters for the xylose meta- 11 . Schematic of the P xylA , P araB , and P araE promoters. The CRP binding sites are shown in boldface, the XylR operator sites with straight underlines, and the AraC operator sites with wavy underlines. Annotations are based on RegulonDB (14) . The putative AraC binding site, as determined through sequence analysis, is boxed.
bolic genes. Consistent with this model, we were able to show that AraC binds the P xylA promoter. We were also able to locate a putative AraC binding site within the P xylA promoter.
Collectively, these results demonstrate that sugar utilization in E. coli involves multiple layers of regulation. In particular, a secondary hierarchy exists between arabinose and xylose, in addition to the primary hierarchy involving glucose.
In addition to the arabinose and xylose metabolic pathway, regulatory cross talk between other pathways is known to exist in E. coli. For example, in the study where they first observed hierarchy between arabinose and xylose, Kang and colleagues also found that xylose represses the expression of the D-ribose metabolic genes (21) . Using genetic approaches, they concluded that this repression was XylR dependent, though it is not known whether this involved direct repression of ribose metabolic gene expression or an indirect mechanism, for example, involving the xylose transporters. Irrespective of the specific mechanism, their results demonstrate that a multitiered hierarchy exists in pentose sugar utilization. Aside from repression, some metabolic pathways can also cross-induce one another. For example, the genes in the L-fucose metabolic pathways are induced by an L-rhamnose metabolic by-product, L-fuculose-1-phosphate (7) . While rhamnose is able to induce fucose metabolic gene expression, the converse does not occur, suggesting that positive regulation can also be hierarchical. Finally, we note that other bacteria will also selectively utilize arabinose and xylose. Bothast and coworkers, for example, observed that Klebsiella oxytoca selectively utilizes arabinose before xylose (4) . Whether selective utilization of the pentose sugars is conserved in all species or just a few remains an open question.
One additional question concerns the physiological significance of the arabinose and xylose hierarchy. More specifically, is arabinose preferable to xylose as a substrate for E. coli? In terms of energy, both sugars yield the same amount, assuming the same mechanism for transport is employed. However, E. coli appears to use different mechanisms for the uptake of these two sugars. For arabinose, the primary route for uptake is through the low-affinity AraE proton symporter, whereas for xylose, it is the high-affinity XylFGH ABC transporter (18, 24) . Interestingly, these two types of transporters are present for both sugars, yet each sugar has a preferred route. Differences in the energetics of these two transport mechanisms appear to make arabinose the preferred sugar. Hasona and coworkers, in particular, found that an E. coli mutant lacking pyruvate formate lyase was unable to grow anaerobically on xylose as the sole carbon source but could do so on arabinose (18) . These results would argue that E. coli is able to take up arabinose more efficiently than xylose, at least under ATP-limiting conditions, because it preferentially utilizes the AraE proton symporter rather than the AraFGH ABC transporter, while with xylose, XylFGH is the preferred transporter. Moreover, Hasona and coworkers found that constitutive expression of XylE did not enable E. coli to grow anaerobically on xylose; however, constitutive expression of AraE did (note that the pentose transporters are promiscuous [see below]). These results would suggest that arabinose transporters are more efficient than xylose transporters, irrespective of whether the substrate is arabinose or xylose.
In the context of our work, we found that E. coli will utilize arabinose more quickly than xylose, a result consistent with the notion that arabinose is more easily and efficiently utilized than xylose. Collectively, these results provide one possible explanation for the origin of the arabinose/xylose hierarchy, though it is still not clear why simultaneous utilization is disadvantageous to E. coli. In fact, when E. coli is grown in continuous culture under carbon-limited conditions, the cells are capable of utilizing multiple sugars simultaneously (cf. references 20, 25, and 26) . While these studies have focused primarily on sugar mixtures involving glucose (and to the best of our knowledge, commensurate experiments have not yet been performed with pentose mixtures), they nonetheless suggest that catabolite repression, including the mechanism explored in this study, occurs only when the sugars are in excess. When sugars are scarce, bacteria likely cannot afford to be picky and thus need to induce multiple pathways in order to metabolize all available carbon sources so as to sustain growth. One interesting finding of this work was that E. coli was still able to metabolize arabinose when the AraE and AraFGH transporters were both removed. These results demonstrate that an alternate, though less efficient, mechanism for arabinose uptake exists. Khankal and coworkers reached a similar conclusion for xylose when they measured the uptake of this sugar in a ⌬xylE ⌬xylFGH mutant (23) . Preliminary experiments from our laboratory suggest that the xylose transporters XylE and XylFGH are able to take up arabinose and, likewise, that the arabinose transporters AraE and AraFGH are able to take up xylose (even when arabinose is not present). Moreover, when both sets of transporters are deleted, transport of these two sugars still occurs, though at reduced levels (beyond what is seen when a single set of transporters is deleted). Since the pentose transporters are known to be promiscuous (32, 36, 39) , these results are not entirely surprising. What is surprising is that even when all the pentose transporters are removed, uptake still occurs. In addition, it is not clear how arabinose can utilize the xylose transporters when xylose is not present and vice versa, since the cognate sugar necessary to induce the expression of associated transporters is not present. While "leaky" expression can provide a partial explanation, it does not provide a complete answer.
In summary, we have investigated the mechanism for the selective utilization of arabinose and xylose in E. coli. The results may be relevant to the production of chemicals and fuels from plant biomass, since the hydrolysis of plant biomass yields a mixture of sugars composed primarily of glucose, xylose, and arabinose. Carbon catabolite repression prevents E. coli from fermenting these sugar mixtures simultaneously, thus decreasing the efficiency of any fermentation process. A number of strategies exist for breaking glucose catabolite repression, by using, for example, a constitutively active CRP allele (8) or by disrupting the glucose PTS (16, 19, 31) . While there is still no method for breaking arabinose catabolite repression, our results have nonetheless isolated a putative mechanism and thus provide a target for future strain-engineering efforts.
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